Background: Within the species Astyanax mexicanus, there are several interfertile populations of river-dwelling sighted fish and cave-dwelling blind fish which have evolved morphological and behavioral adaptations, the origins of which are unknown. Here, we have investigated the neural, genetic, and developmental bases for the evolution of aggressive behavior in this teleost. Results: We used an intruder-resident behavioral assay to compare aggressiveness quantitatively (attack counts) and qualitatively (pattern and nature of attacks) between the surface and cave populations of Astyanax. Using this paradigm, we characterize aggressive behavior in surface fish, bring support for the genetic component of this trait, and show that it is controlled by raphe serotonergic neurons and that it corresponds to the establishment of dominance between fish. Cavefish have completely lost such aggressive/dominance behavior. The few attacks performed by cavefish during the behavioral test instead correspond to food-seeking behavior, driven by the developmental evolution of their hypothalamic serotonergic paraventricular neurons, itself due to increased Sonic Hedgehog signaling during early forebrain embryogenesis. Conclusions: We propose that during evolution and adaptation to their cave habitat, cavefish have undergone a behavioral shift, due to modifications of their serotonergic neuronal network. They have lost the typical aggressive behavior of surface fish and evolved a food-seeking behavior that is probably more advantageous to surviving in the dark. We have therefore demonstrated a link between the development of a neuronal network and the likely adaptive behaviors it controls.
Introduction
The Mexican tetra Astyanax mexicanus exists under two morphs: sighted river morphs inhabiting the streams of Mexico, and 29 populations of blind and depigmented cavefish morphs living in caves of the Sierra del Abra region, Mexico. Being from the same species and having diverged about one million years ago, these fish constitute an outstanding model for evolutionary biology [1, 2] .
At first the cavefish eyes were thought to degenerate because they were useless in caves [3] . Then, it was proposed that eye and pigment loss was almost entirely the result of the accumulation of morphologically reducing, selectively neutral mutations [4] . More recently, emphasis was given to the importance of selection on constructive traits and indirect effects on regressive traits, through mutations in pleiotropic developmental genes [5] . ''Evo-devo'' studies bring some support to the latter scenario. Actually, in addition to the loss of their eyes, cavefish have larger olfactory bulbs and hypothalamus [6] , more taste buds, more teeth, larger jaws [7] , and more neuromasts [8, 9] . Many of these anatomofunctional changes are due to embryonic modifications in morphogen signaling, namely Sonic Hedgehog (Shh) and Fibroblast Growth Factor (Fgf8) [10, 11] . These early signaling changes are indirectly responsible for lens apoptosis and thus eye degeneration [11] , but they also induce the development of an enhanced gustatory apparatus [7] , of larger olfactory epithelium and olfactory bulbs, and of a larger hypothalamus [6, 10] . It is likely, even though it is not yet demonstrated, that these changes in sensory and neuroendocrine systems are adaptive.
Cavefish and surface fish behavior is also very different, with important modifications concerning feeding and social behavior. Cavefish are bottom feeders and explore the substrate at a precise 45 angle [4] ; they evolved a ''vibrationattraction behavior'' to locate food dropping onto the water surface [9] ; they display modified swimming kinematics and a ''wall-following'' behavior to avoid collisions and explore their environment [12] [13] [14] ; they have lost sleep, supposedly to increase wakefulness and chances to find food [15] ; cavefish do well, in food competition experiments in the dark, whereas surface fish starve [16] ; and cavefish have lost the aggressive behavior that is a trademark of their surface-fish counterparts [17] [18] [19] . These many and subtle behavioral adaptations are likely responsible for cavefish survival and success during cave colonization. They represent complex traits, due to many and subtle changes in specific brain regions.
We focused on the loss of aggressiveness in cavefish. We characterized aggressive behavior in the two Astyanax morphs, assessed its genetic basis, demonstrated the role of serotonin in the process, and investigated the developmental origin of the modifications in serotonergic network and behavior in cavefish.
Results
To compare aggressiveness in sighted surface fish (SF) and blind cavefish (CF) the classic ''mirror test'' is inappropriate. We used an ''intruder assay'' (see Figure S1A available online). Two fishes were habituated overnight in separate 200 ml tanks. The next morning, one fish was transferred into the tank of the other, and their behavior was immediately recorded for 1 hr.
Surface Fish and Cavefish Show Quantitative and Qualitative Differences in Aggressive Behavior SF were ten times more aggressive than Pachó n CF in the intruder assay ( Figure 1A and Movies S1 and S2). During 1 hr, two SF attacked each other more than 1,000 times (1,132 6 103; n = 57), whereas two Pachó n CF attacked each other about 100 times (110 6 11; n = 56). This quantitative *Correspondence: retaux@inaf.cnrs-gif.fr difference was accompanied by a qualitative difference in the pattern of attacks ( Figures 1B and 1C) . SF performed few attacks in the first 15 min, then became more aggressive and attacked with high frequency in the second half of the test ( Figure 1B) . Conversely, CF performed some attacks in the first 15-20 min and then swam quietly ( Figure 1C) . In order to assess the statistical significance of this difference in the pattern of attacks as a function of time, we used normalized cumulative curves and calculated the slopes of the tangents to these curves at three time points (10, 30 , and 60 min; Figures  1D and S1B ). The slopes of tangents therefore represent the frequency of attacks at a given moment of the test. The polynomial curves exhibited by SF resulted in a typical and significant ''up'' pattern for the slopes of tangents at the three time points (Figures 1D and 1E, blue) , whereas the logarithmic curves exhibited by CF resulted in a typical and significant ''down'' pattern ( Figures 1D and 1E, red) . At the three time points examined, the slope values were different between SF and CF, showing that the pattern difference between the two Astyanax morphs is statistically significant. These results demonstrate that CF have lost most of the aggressive behavior that is a hallmark of their SF counterparts and that the ''intruder assay'' allows the detection of quantitative and qualitative behavioral differences.
Attacks in SF Are Not Visually Driven, but Are Facilitated by Vision We next tested whether the lack of aggressive behavior in CF is due to their lack of vision.
First, we blinded SF early in development by bilateral removal of their eye lenses at 40 hpf (hours postfertilization). Such early surgical lens ablation mimics the CF condition, in which the apoptotic lens induces eye degeneration [18, 20, 21] . Lens-ablated SF presented degenerated eyes at 3 months (Figures 2A and 2B) , and their optic tectum contralateral to the ablated eye was hypomorphic ( Figure 2C ) (see also [22] ). Their visual sense was absent when tested in a fear-predator test (Movie S3). Blind, bilaterally lens-ablated SF performed fewer attacks than siblings that were not operated on (Figure 2D , green), but they still attacked significantly more than CF. Their pattern was ''up'' and indistinguishable from sighted SF controls ( Figure 2E) .
Second, the resident-intruder assays were conducted in the dark, using infrared recordings. In these conditions, SF (and CF) behaved exactly alike in the light, both in terms of attack counts and attack patterns ( Figures 2D and 2E , dark blue/ red). These data suggest that there is no requirement for vision in the expression of the SF aggressive behavior.
Loss of Aggressive Behavior in Independently Evolved Cavefish Populations
Parallel phenotypic diversification in closely related animals is a rigorous framework for testing the role of natural selection in (E) Slopes of the tangents of the cumulative curves in (D), respectively, taken at three time points during the test: 10, 30, and 60 min, in SF (blue, n = 57) and in CF (red, n = 56). For a detailed and complete description of the method used, see Figure S1 . Asterisks indicate p < 0.0001 (Mann-Whitney) when comparing corresponding values in SF and CF. In this and the following figures, asterisks indicate significant differences in attack counts (Mann-Whitney). The pattern indicated (''down,'' ''up,'' or ''flat'') for each condition was statistically tested (Kruskal-Wallis and Mann-Whitney), and its p value is also given in asterisks.
evolution [23] . We therefore analyzed the behavior of the Molino cavefish population, which is derived from a different ancestral stock than Pachó n [24, 25] . Here, adult Molino fish were used because we are unable to breed the Molino population in the lab. Molino behavior was compared to the behavior of SF and Pachó n adults, which was identical to the behavior of 3-month-old SF and Pachó n fishes, respectively (compare Figures 1A and 1E , 3A and 3B). Molino performed few attacks, therefore behaving like Pachó n ( Figure 3A , orange). Their strikes were, however, uniformly distributed over the 1 hr test, resulting in identical attack frequencies along the test, and consequently in a ''flat'' pattern ( Figure 3B ).
Aggressive Behavior in SF and Its Loss in CF Are Genetically Encoded
The results above suggested that aggressiveness in SF and its loss in CF may be due to genetic differences, as previously suggested for the Piedras cavefish population [26] . We tested this hypothesis in two ways.
First, SF were grown at different population densities from the third day after hatching to the age of 3 months: either single (no physical/visual contact with other fish), or in groups of 30 or 300 individuals. Aggressiveness was quantitatively and qualitatively indistinguishable between the three types of husbandry ( Figures 3C and 3D ). Thus, a SF which has never seen another fish will ''naturally'' attack a congener.
Second, we generated F1 hybrids from several combinations of surface and cave populations. SFxCF F1 hybrids have slightly reduced eyes but are fully visual. They showed extreme aggressiveness (especially for \SF x _Molino) and displayed an ''up'' pattern (\Pachó n x _SF) or a ''flat'' pattern (\SF x _Molino) ( Figures 3E and 3F, green) . This unanticipated finding suggests that aggressive behavior is a complex trait and may involve a heterosis effect in hybrids. Conversely, the \Pachó n x _Molino cross resulted in blind F1 hybrids performing few attacks, like their parent cave populations, with a ''flat'' pattern, like Molino ( Figures 3E and 3F, brown) .
Altogether these data suggest that Astyanax aggressive behavior is genetically encoded, with SF alleles causing high aggressiveness, and that this trait has been repeatedly lost, at least partly through the same genes, during the evolution of CF populations.
Aggressive Behavior in Surface Fish Is Linked to Serotonergic Neurotransmission Serotonin (5HT) is notoriously linked to aggressive behavior in vertebrates, including fish [27] [28] [29] [30] . We therefore investigated whether the 5HT neurotransmission was involved in SF attacks. We treated SF with fluoxetine [31] , a selective serotonin reuptake inhibitor, or deprenyl [32] , an inhibitor of monoamine oxidase (MAO, the serotonin-degrading enzyme; note, there is only one MAO in fish [33, 34] ). Both compounds were expected to increase brain 5HT levels, although through completely different mechanisms ( Figure 4A ). Deprenyl efficiency was confirmed by high-pressure liquid chromatography (HPLC) dosage: 5HT levels were increased 2.5 times in the brains of treated fish ( Figure 4B , purple), and the levels of 5HIAA metabolite were strongly decreased as expected (290% in SF; 284% in CF; p < 0.001). The effect of deprenyl was identical on SF and CF. Importantly, neither dopamine nor noradrenalin levels were modified ( Figure S2B ). In the behavioral test, SF treated with varying concentrations of fluoxetine or with deprenyl showed a dose-dependent decrease in the number of attacks ( Figure 4C , orange/purple), showing that aggressiveness and brain 5HT levels are inversely correlated in SF. However, SF with pharmacologically induced high 5HT levels were still significantly more aggressive than CF. Importantly, the decrease in SF aggressiveness after pharmacological treatment was not due to a modification of swimming behavior/locomotion ( Figure S2A ).
The pattern of attacks was also modified in SF after pharmacological treatments ( Figure 4D ). Fluoxetine-treated SF showed a Pachó n-like, ''down'' pattern, with attack frequencies identical to control CF values at 10 and 60 min. After deprenyl, the ''up'' pattern was abolished, and the frequency of attacks was highly variable at the end of the test. These data demonstrate that interfering with 5HT neurotransmission modifies both quantitative and qualitative aspects of aggressiveness in SF, in a manner that tends to phenocopy the CF type of behavior.
Finally, aggressive behavior was tested in Pachó n CF with increased 5HT levels. Fluoxetine but not deprenyl increased the number of attacks when compared to control CF (Figure 4E) . Qualitatively, the two drugs had the same slight effect on the pattern of attacks, i.e., a lengthening of the aggressive period, resulting in a significantly attenuated ''down'' pattern ( Figure 4F ). Thus, in cavefish, interfering with 5HT neurotransmission has moderate effects on aggressive behavior.
Attacks in SF and CF Are Not Equivalent
Because the pattern of attacks was both population and serotonin dependent, we asked about the significance of this pattern difference between the two morphs.
We hypothesized that CF attacks, occurring during the first minutes of the test, may correspond to food-seeking behavior. Indeed, these blind animals may interpret the vibrations induced by the other fish as potential food. The hypothesis is also supported by the fact that (1) sighted SF do not attack in the first minutes, (2) serotonin is known to regulate feeding and appetite, and (3) CF with increased 5HT levels have a slightly increased aggressive period.
We raised three groups of fish under different diets during 3 weeks: they were fed normally, overfed, or starved. Cavefish aggressiveness was inversely correlated to food intake, with overfed CF attacking significantly less than starved CF (Figure 5A) , a result consistent with the food-seeking hypothesis. The pattern of attacks was ''down'' in the three feeding conditions ( Figure 5B), suggesting that CF attacks occurring early in the test and resulting in the typical Pachó n ''down'' pattern correspond to food-seeking behavior.
The opposite result was found for SF, with attack counts positively correlated to food intake ( Figure 5C ). Whereas normally fed SF showed an ''up'' pattern, starved and overfed SF showed a ''flat'' pattern that was due to modified attack frequencies at 10 and 60 min ( Figure 5D ). This suggests that, in normal conditions, SF attacks do not correspond to food-seeking behavior. Only when SF are hungry do they slightly increase their attack frequency at the beginning of the test.
As SF start attacking after a 20-25 min period of observation, we hypothesized that their strikes may correspond to the establishment of hierarchy between the two fish. This is also supported by the fact that SF, but not CF, display schooling behavior ( Figure S3 ; [35] ). Because the typical ''up'' pattern of SF attacks is affected after 5HT pharmacological manipulations, we predicted that hierarchical order should be related to 5HT brain levels.
Groups of 12 SF were left together for 1 week, allowing for a hierarchical order to be firmly established in the school. The day of the experiment, careful 10-15 min observations unambiguously identified the highly dominant fish (one per tank) from the subordinate fish (two or three per tank). We measured the 5HT brain levels of dominant and subordinate fish by HPLC, after dissecting out the posterior part of the brain, which contains hindbrain raphe 5HT neurons, from the anterior part, which contains hypothalamic 5HT neuronal groups (see next section). Briefly, raphe 5HT neurons are involved in the control of mood and anxiety in mammals, whereas the hypothalamus is a neuroendocrine brain region controlling homeostatic functions. Dominant SF had lower 5HT levels than subordinate SF in their posterior brain, whereas anterior brain 5HT levels were identical in dominant/ subordinate fish and thus independent from the hierarchical order ( Figure 5E ). This demonstrates that the dominant SF in a school undergoes an experience-dependent downregulation of its raphe 5HT levels. Together with the data showing that aggressiveness and 5HT levels are inversely correlated, this suggests that the typical ''up'' pattern of SF in the intruder test corresponds to attacks for establishment of dominance.
Altogether, these experiments suggest that SF attacks correspond to a social behavior (hierarchical order), whereas CF attacks correspond to a feeding behavior (foraging).
Comparing Cavefish and Surface Fish Serotonergic Systems
We next compared the neuroanatomical organization of the 5HT systems in SF and CF. Their overall organization of 5HT-positive neurons and fibers was similar to that described in other teleosts (Figures 6A and 6B ; [34, 36] ). The serotonergic neurons were located in the hindbrain raphe nucleus and in three hypothalamic nuclei corresponding to the anterior, intermediate, and posterior paraventricular nuclei (PVa/i/p), which are located along the third ventricle and its lateral and posterior recesses, respectively ( Figures 6A-6G 0 ). The 5HT neuronal patterns in SF and CF juveniles were identical. However, at all stages examined (1 week to 1 month) the PVa nucleus was larger in CF ( Figures 6C, 6D , and S4A), both in terms of A-P extension (+37%; p < 0.0001) and surface area ( Figure 6H ), suggesting that the PVa contained more neurons in CF than in SF. Accordingly, the fiber tract emanating from the PVa was thicker in CF ( Figures 6G and 6G 0 ). This difference was specific to the PVa nucleus, because the PVp and the raphe were of comparable sizes in the two morphs ( Figure 6H ).
This neuroanatomical difference was confirmed by HPLC measurement of 5HT in the dissected anterior part (hypothalamic neurons) and posterior part (raphe neurons) of SF and CF brains. The serotonin content was 45% higher in the forebrain samples of CF, whereas the raphe samples were identical in the two morphs ( Figure 6I ). We thus attribute the difference between the hypothalamic samples of the two morphs to the larger PVa in CF. Moreover, we propose that CF attacks, occurring early in the behavioral test and corresponding to foraging, are driven by their larger PVa nucleus and higher PVa 5HT content.
Finally, it is worth noting that the average raphe 5HT level of SF randomly chosen in a tank is identical to that of subordinate SF, but higher than that of dominant SF (p = 0.0047; compare Figures 6I and 5E), consistent with a single fish being dominant in a school and with this fish undergoing a specific downregulation of 5HT content in its raphe nucleus.
Earlier Serotonergic Neurogenesis in Cavefish
To investigate the developmental origin of the size difference of the PVa nucleus between the two morphs, we performed a time course analysis of the appearance of 5HT neurons in embryos. Astyanax embryos develop very fast (a swimming larva hatches at 25 hpf), and CF and SF development is totally synchronous [37] . The first hypothalamic 5HT neurons were detectable as early as 18 hpf in CF ( Figures 7A and 7B) , whereas their SF homologs are never seen before 22-23 hpf (Figures 7C-7F ). These neurons correspond to the future PVa neurons because they extend thick processes with flat endfeet toward the ventricular surface, a typical CSF-contacting cell morphology that is distinctive of this neuronal group ( Figures 7E, 7F, and S4B) . Thus, the difference in number of PVa 5HT neurons between the two Astyanax morphs can be traced back to the onset of serotonergic neurogenesis, which starts earlier in CF.
Contrary to PVa neurons, raphe 5HT neurons are first detected at the same stage in SF and CF, at around 20-21 hpf (Figures 7C and 7D) . The same holds true for other steps of 5HT differentiation, such as the growth of axons or the innervation of the casquette (data not shown and [38] ). Therefore, the specific difference in the 5HT hypothalamic PVa nucleus between CF and SF originates early in embryonic development, at a stage when the neuroepithelium is proliferating and when forebrain patterning and morphogenesis are largely incomplete.
Modifying 5HT Neurogenesis in Cavefish Modifies Their Behavior
Shh signaling is increased at the CF anterior midline during gastrulation/neurulation, indirectly causing the loss of eyes but also the formation of a larger hypothalamus [6, 10, 11] . To test whether precocious 5HT neurogenesis in the hypothalamus is influenced by stronger Shh signaling in CF, we treated CF embryos between 15 hpf and 24 hpf with cyclopamine, an inhibitor of Shh signaling [39, 40] , and analyzed their 5HT system at 55 hpf. Cyclopamine treatment caused a dosedependent developmental perturbation and reduction of the hypothalamic width ( Figures 7G and S5) , demonstrating the efficiency of Shh signaling inhibition. The treatment also reduced the surface area of both the PVa and the raphe (Figure 7G and S5) , consistent with an effect of Shh signaling all along the neural tube ventral midline. Because cyclopamine 10 mM strongly diminished the survival of larvae, we choose 5 mM to treat embryos between 15 hpf and 24 hpf, and these were grown to 3 months and tested for behavior. Cyclopamine-treated CF performed 2.5 times more attacks than their ethanol-treated controls ( Figure 7H ). They presented an attenuated ''down'' pattern, ( Figure 7I ). We propose the following interpretation: Cyclopamine-treated CF have a ''down'' ( representing food-seeking) pattern because their PVa size is moderately reduced to 88% of the control CF value, and therefore they still search for food at the beginning of the test (the size of the SF PVa is only 63% the CF size). But the pattern is attenuated, due to more attacks in the second part of the test, because their raphe is smaller and contains less 5HT, mimicking the case of a dominant SF.
Discussion
We used varied experimental approaches to characterize aggressive behavior in Astyanax and to investigate the origin of its loss in cavefish populations. We demonstrated a link between the early development of a neuronal network and the possibly adaptive behaviors it controls. In addition, we deciphered the previously unknown functional roles of hypothalamic and hindbrain serotonergic neurons in a teleost. We propose that Astyanax raphe serotonergic neurons control social behavior, whereas hypothalamic serotonergic neurons control homeostatic functions.
Behavioral Analysis: Combining Attack Numbers and Patterns Previous studies have reported the loss of aggressive behavior in Astyanax blind populations [17, 18, 26] . But these authors focused on the number of attacks, which were counted during short periods of time (10-15 min). Here, we have used longer behavioral observations and combined information given by attack counts and attack patterns. By doing so, we inferred that a SF attack does not have the same meaning as a CF attack. We propose to discriminate between the ''true'' attacks performed by SF, which underlie social dominance, and the ''false'' attacks performed by CF, which actually correspond to food-seeking attempts.
In contrast to our present findings, the Molino population was previously reported as an aggressive cavefish population [18] . Espinasa and colleagues had counted the number of attacks during a 10 min window, 30 min after putting the two fish together. According to our pattern analysis, during this particular 10 min window, Pachó n cavefish perform almost no attacks, due to their typical ''down'' pattern, whereas Molino cavefish do perform some attacks, because they show a ''flat'' pattern. The apparent discrepancy between the two studies is therefore explained.
Vision Is Dispensable to Expressing Aggressive Behavior
Triggers for SF aggressive behavior were initially thought to be visual because aggression was reduced in the dark under certain conditions-although it was noted that ''the attacks could be vehement in darkness, too'' [17] . This view was first challenged after reporting that SF with degenerated eyes after embryonic lens extirpation presented intense aggressive behavior [18] . Here, with a larger experimental sample, we ascertained this tendency and were further able to study the aggressive pattern of these blinded animals, which is typical of a SF type. Moreover, with our protocol and contrarily to the findings of Burchard et al. [17] , there was no reduction in SF aggressiveness in the dark. This is probably because our set-up, in a small volume of water, corresponds to a test of territoriality: in Astyanax, there is an opposite behavioral ''gradient'' of territoriality versus schooling, as a function of available space for a group of fish [17] . We show that, even in thedark, dominance aggressiveness is present in SF, a result that is strengthened by the conservation of the ''up'' pattern in this condition. The data from blinded SF and from SF in the dark are thus consistent with dominance aggressiveness not necessitating visual stimulation. The lateral line appears like a candidate sensory system to mediate this stimulation, a hypothesis that should be tested in the future.
Functional Insights from Comparative Analysis of Behavior and Anatomy
We used CF as ''natural mutants'' and compared them to SF to study developmental evolution of the brain and the behaviors it governs in an adaptive context. Whereas the involvement of raphe neurons in aggressiveness and social behavior in mammals has long been reported [41] , the respective functions of the raphe and hypothalamic serotonergic neurons in teleosts (the latter neurons do not exist in mammals) were previously unknown [42] . Concerning SF, the social nature of attacks is probably linked to the fact that these animals school. Even blinded SF tend to swim close to each other, and this is associated to an ''up'' pattern in the intruder test. These social-dominancerelated attacks are controlled by the raphe, and aggressiveness is inversely correlated to raphe 5HT content. Indeed, when SF raphe 5HT levels are increased (pharmacologically) or decreased (in dominants), hierarchical attacks vary in an opposite manner. Even in CF, when the number of 5HT raphe neurons is experimentally reduced (cyclopamine), it seems possible to induce a small component of dominance-related aggressiveness. Across phyla, serotonin plays a significant role in dominance behavior [43] [44] [45] [46] [47] [48] . Whether dominance is a cause or a consequence of the change in raphe 5HT neurotransmission and the mechanisms leading to these biochemical and behavioral changes is unclear. In mammals, the activity of raphe neurons is increased [49] and the expression of 5HT1A receptors is decreased [50] in subordinate individuals, and knock-out mice for the 5HT transporter are inferior in obtaining the dominant position [51] . Consistently in Astyanax, we found a decrease in raphe 5HT and 5HIAA content in dominant SF. Whatever the mechanism for decreasing the activity of raphe serotonergic neurons in socially dominant individuals, this regulation seems shared among vertebrates. In the fighting fish [27, 52] and other fish [53] , in rodents and primates including humans [41] , correlations between 5HT neurotransmission and social aggressiveness are described, including polymorphisms in the MAO A promoter described in humans with antagonistic behavior [54, 55] .
In contrast to SF, blind CF do not school [35] , although they probably possess the navigational abilities to do so. The ''foraging'' nature of their behavior in the intruder test is supported by the finding that overfed CF attack less than controls. However, overfed CF keep their ''down'' pattern, demonstrating that they do not try to establish hierarchy even in a high energy state. A possibility is that they cannot downregulate their raphe 5HT levels. Alternatively, they may not use this regulation, because dominance behavior is tightly associated to social interactions. Only when their raphe nucleus is developmentally modified (by cyclopamine) do they perform a few dominance-like attacks. Further experiments will need to investigate whether 5HT neurotransmission in the PVa directly controls foraging behavior, or whether it does so by controlling the activity of nearby hypothalamic neurons containing neuropeptides such as NPY or POMC, which are master regulators of feeding behavior in all vertebrates [56, 57] .
An Adaptive Value for Losing Aggressive Behavior in Cavefish?
The adaptive nature of the loss of aggressiveness in CF is not evident. One hypothesis was that CF populations in their natural habitat are small, decreasing the chances for two individuals to meet and reducing the stabilizing selection for agonistic behavior [17] .
We propose that the loss of aggressiveness in cavefish is a ''side effect'' of the loss of schooling behavior, itself not selected in caves because predators are absent and because it is deleterious for efficient food finding in the dark. Moreover, 5HT network modifications control a behavioral gain for foraging, due to developmental evolution of their hypothalamic 5HT neurons. Apart from the reasoning that feeding in the dark is a major challenge for cavefish, several lines of evidence may suggest an adaptive nature for this behavioral shift.
(1) When an organism is hungry, a probably frequent situation in caves, it employs behaviors to locate and ingest food while suppressing other behaviors. Insulin signaling coordinates behavioral output with changes in metabolism, NPY activates behaviors required for ingesting food, and serotonin modulates behaviors performed when an organism is satiated [58] . The hypothalamic modification observed in CF suggests that the selection pressure acted on the development of the 5HT system. (2) In food competition experiments in the dark, CF have a food-finding ability that is four times higher than SF, and in the wild SF incidentally washed into caves starve because they cannot compete with cavefish [16] . Thus, CF persistent food-seeking behavior increases survival in the dark. (3) Aggression has been repeatedly lost in independently evolved natural cavefish populations (Pachò n, Molino, Micos; see this work and [17, 18] ). It will be important to analyze the 5HT system in several cavefish populations to assess whether the loss of aggressiveness/ gain of foraging can be attributed to parallelism or to convergence, but it remains that this repeated evolution suggests that the behavioral change is advantageous. The results from CFxSF hybrids suggest that the trait is complex. The results from the Pachò n x Molino cross suggest that the same gene(s) are involved in these two cave populations, although their different patterns of attacks suggest that partly different genes might be involved.
(4) CF underwent a loss of related collective behaviors (schooling, dominance). Because they navigate mainly with their lateral line sensory inputs, which also help them to locate food [9] , isolated swimming probably provides them with a higher signal/noise ratio to their neuromasts, increasing their chances to find food. These chances are also increased by their continuous exploration of the environment, both as larvae [38] and as adults ( Figure S3 ), and by their loss of sleep [15] .
Midline-Induced Developmental Evolution in Cavefish?
Previous studies suggested a developmental modification of the ventral forebrain in CF compared to SF, due to changes in signaling centers secreting Shh and Fgf8 during embryogenesis [6, 10] . Here, we describe a developmental heterochrony of the appearance of the hypothalamic 5HT neurons in cavefish, potentially causing a longer period of 5HT neurogenesis and resulting in a larger size of the PVa nucleus. Conversely, the development of hindbrain raphe neurons is synchronous in the two morphs, and their mature raphe is of similar size. Whereas the roles of Shh and Fgf8 in the specification of mammalian raphe neurons is known [59] [60] [61] , their roles in the specification of 5HT neurons in fish are unknown [42] . Our cyclopamine experiments show that fish raphe neurons develop in a conserved, Shh-dependent manner and demonstrate that fish hypothalamic 5HT neurogenesis is also controlled by Shh signaling. Pet-1, an Ets-family transcription factor, is together with Lmx1b and Nkx2.2 a major player in the specification and differentiation of raphe neurons [59] [60] [61] . However, fish hypothalamic neurons do not express Pet-1 ( [62] ; H.H. and S.R., unpublished data, for Astyanax), suggesting that there are alternative developmental pathways to generate 5HT neurons in the diencephalon. Together with cyclopamine experiments, the fact that cavefish, with their increased Shh signaling in the embryonic hypothalamus [10] , possess more 5HT neurons in the PVa suggests that Shh controls the yet unknown gene regulatory network leading to 5HT specification in the hypothalamus. Finally, the behavior of the Molino cavefish population (few attacks and ''flat'' pattern, interpreted as persistent foraging behavior) predicts that these animals will have an even larger PVa nucleus. Obtaining embryos from this population will be key to checking this prediction.
Using cavefish, we have unmasked a novel pleiotropic developmental effect of the modulation of embryonic signaling centers. In line with the hypothesis of the importance of selection on constructive traits and the indirect effects on regressive traits through mutations in pleiotropic developmental genes [5, 63] , Shh hypersignaling in CF leads to eye loss, and also to an increased oral (jaws and teeth) and sensory (taste buds) apparatus, as well as to subtle modifications in forebrain neuronal circuits, which have constructive behavioral consequences.
Experimental Procedures
Aggressive Behavior Aggressive behavior was measured on w3-month-old (minimum size: 1.5 cm) fish in a room at 25 C in lighted conditions. All fish were tested once. There was no sex difference in the behavior. Fish were isolated overnight in plastic boxes (12 3 9 3 5 cm) containing 200 ml of water (2 liters for adults). The next morning, ''intruders'' were transferred into the box of ''resident'' fish, and their interactions were recorded during 1 hr using a webcam (Logitech Quick Cam Pro9000). The two fish were always of the same population/treatment and similar size. Movies were analyzed manually using the ODRec software (Observational Data Recorder, a gift from Samuel Pé an, IFREMER, La Rochelle, France). An attack was defined as the charge of a fish and the escape of the other. In figures, the n numbers given in bars indicate the number of tests (hence the number of animals used is 2 n).
For experiments in darkness, fish were conditioned and tested in continuous darkness, using an infrared light table (Viewpoint) and a Dragonfly2 camera (Point Grey).
To analyze patterns of attacks, we used cumulative counts of attacks (clouds of points), expressed as a percentage of the total number of attacks in each test. Therefore, the maximum value of each cumulative cloud of points is 100%. The normalized attack frequency at a given time point thus corresponds to the slope of the tangent to the curve at this point. To determine the tangent function mathematically, we found the best fit to the cloud of point through regressions using Graph. We chose the best correlation coefficient (R 2 ) between linear, logarithmic, exponential power, and polynomial of order 2 regressions. The slopes of tangents at 10, 30, and 60 min of each test were calculated and used to compare the patterns ( Figure S1B ).
Statistical Analyses
The distribution of the data was not normal, even in cases of large samples (Chi 2 or Shapiro-Wilk coupled to Kolmogorov-Smirnov). Therefore data were analyzed through nonparametric tests, using Statview. Mann-Whitney was used to compare samples two by two, and Kruskal-Wallis was used to compare more than two samples, dose responses, and aggressive patterns. Mann-Whitney was used after Kruskal-Wallis. Values are mean 6 SEM. Significance was set at p < 0.05 (*). **, ***, and **** correspond to p < 0.01, p < 0.001, and p < 0.0001, respectively.
Other methods are described in Supplemental Experimental Procedures.
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